ABSTRACT: The potentially important influence of climate change on landscape evolution and on critical zone processes is not sufficiently understood. The relative contribution of hydro-climatic factors on hillslope erosion rates may significantly vary with topography at the watershed scale. The objective of this study is to quantify the hydro-geomorphic behavior of two contrasting landscapes in response to different climate change scenarios in the Luquillo Critical Zone Observatory, a site of particular geomorphological interest, in terms of hillslope erosion and rainfall-triggered landslides. We investigate the extent to which hillslope erosion and landslide occurrence remain relatively invariant with future hydro-climatic perturbations. The adjacent Mameyes and Icacos watersheds are studied, which are underlain by contrasting lithologies. A high resolution coupled hydro-geomorphic model based on tRIBS (Triangulated Irregular Network-based Real-time Integrated Basin Simulator) is used. Observations of landslide activity and hillslope erosion are used to evaluate the model performance. The process-based model quantifies feedbacks among different hydrologic processes, landslide occurrence, and topsoil erosion and deposition. Simulations suggest that the propensity for landslide occurrence in the Luquillo Mountains is controlled by tropical storms, subsurface water flow, and by non-climatic factors, and is expected to remain significant through 2099. The Icacos watershed, which is underlain by quartz diorite, is dominated by relatively large landslides. The relative frequency of smaller landslides is higher at the Mameyes watershed, which is underlain by volcaniclastic rock. While projections of precipitation decrease at the study site may lead to moderate decline in hillslope erosion rates, the simulated erosional potential of the two diverse landscapes likely remains significant.
Introduction
Soil mantled hillslopes constitute complex systems shaped by bedrock weathering and by erosional processes, which are driven by climatic and non-climatic factors (Selby, 1993; Dykes and Warburton, 2007) . Bedrock weathering processes may lead to the depletion of primary minerals leading to mechanical disaggregation and increasing material susceptibility to erosion, and can be influenced by climate through moisture and temperature controls (White and Brantley, 2003; Dixon and Earls, 2009) , and by landscape characteristics (Dietrich et al., 1995; Heimsath et al., 1999; Riebe et al., 2003) . Hillslope erosion is controlled by rainfall-triggered landslides, the propensity for which depends on a multitude of non-climatic factors including slope morphology and soil and forest properties (Roering et al., 1999; Simoni et al., 2008; Hales et al., 2009; De Rose, 2013; Formetta et al., 2016; Moos et al., 2016) , and on the frequency of extreme hydro-meteorological events (Casadei et al., 2003; Chen et al., 2013; von Ruette et al., 2014; Arnone et al., 2016) . Clarifying the relative contribution of climatic vs non-climatic factors to the hillslope erosion rates of diverse landscapes is no trivial task (Riebe et al., 2003; Cook et al., 2015) . Understanding the interrelations among different erosional processes within the complex structure of the critical zone remains a challenge (Anderson et al., 2007; Brantley et al., 2007) .
The Luquillo Mountains (Luquillo Critical Zone Observatory (CZO)) are of particular hydro-geomorphological interest because they are characterized by different bedrock and diverse landscape morphologies. For this reason, several studies have focused on landscape processes at the Luquillo CZO (Brown et al., 1995; Larsen et al., 1999; Riebe et al., 2003; Pike et al., 2010; Buss and White, 2012; Dosseto et al., 2012; Larsen, 2012; Stallard, 2012; Chabaux et al., 2013; Lebedeva and Brantley, 2013; Lepore et al., 2013; Arnone et al., 2014 Arnone et al., , 2016 Dosseto et al., 2014; Brocard et al., 2015; Dialynas et al., 2016b ). An episode of tectonic uplift that occurred million years ago in Puerto Rico, followed by gradual erosion, have shaped the Luquillo Mountains into morphologically different domains (Brocard et al., 2015) . Knick points in the Luquillo CZO have segmented longitudinal river profiles, which deviate from smooth concave-upward profiles (Pike et al., 2010) . Erosion rates at diverse watersheds in the Luquillo CZO depend on local geomorphological and lithological characteristics . This study focuses on the Mameyes and Icacos watersheds, which are characterized by similar climatic conditions and by contrasting lithology. The Mameyes watershed is underlain by volcaniclastic rock, and the Icacos watershed in underlain by the Rio Blanco quartz diorite (Buss and White, 2012) . The Icacos watershed is one of the very first sites where detrital 10 Be methods have been used to estimate erosion rates (Brown et al., 1995 (Brown et al., , 1998 . Shallow landslide initiation constitutes the main erosion mechanism at the two watersheds (Larsen, 2012) . This site provides the opportunity to assess the role of contrasting bedrock and diverse landscape morphology on hillslope erosion rates under similar climatology (Dosseto et al., 2012) .
The objective of this study is to quantify the hydrogeomorphic responses of the two Luquillo CZO contrasting landscapes to changing climate, in terms of landslide occurrence and hillslope erosion. This work assesses the critical zone response to climate change scenarios (based on modelled projections) in diverse watersheds using observations on hillslope erosion and bedrock weathering and process-based modelling (Dietrich et al., 1995; Burton and Bathurst, 1998; Tucker et al., 2001; Casadei et al., 2003; Simoni et al., 2008; Francipane et al., 2012; Kim et al., 2013; Lepore et al., 2013; Arnone et al., 2014 Arnone et al., , 2016 Bovy et al., 2016; Dialynas et al., 2017b; Bastola et al., 2018) , which has the potential to quantify different surface processes controlling hillslope erosion at a range of spatio-temporal resolutions. By means of a high resolution coupled physically-based hydro-geomorphic model, we simulate landslide occurrence and topsoil erosion in the Mameyes and Icacos watersheds. Hydro-meteorological forcings corresponding to a range of climatic projections are used to investigate whether the rates of hillslope erosion (landslides and topsoil erosion) characterizing the Luquillo CZO landscapes are likely to remain relatively invariant with future climatic perturbations.
Methods

Physical representation of hydrologic processes
The tRIBS (Triangulated Irregular Network (TIN)-based Realtime Integrated Basin Simulator) model (Ivanov et al., 2004a (Ivanov et al., , 2004b ) is used for the spatially-explicit and physically-based representation of different hydrologic processes at the watershed scale. The model's computational elements are Voronoi polygons, which are calculated based on a Triangulated Irregular Network (TIN) network (Vivoni et al., 2004) . The high resolution model explicitly accounts for spatial variability in surface descriptors (e.g. soil and forest types), and represents essential hydrological processes as well as lateral redistribution of soil moisture in the unsaturated and saturated zones. Some of the processes are:
(a) Precipitation interception is simulated using a canopy water balance model (Rutter et al., 1971 (Rutter et al., , 1975 at an hourly time step. Because canopy water balance components (e.g. throughfall, evaporation, storage capacity) are vegetation species dependent, the simulated water interception varies for different forest types. (b) Water infiltration is simulated by assuming gravitydominated flow in anisotropic soil (Garrote and Bras, 1995) . The evolution of a wetting front and a top moisture front at each Voronoi cell may lead to unsaturated soil, or perched-, surface-, and saturated conditions. The dynamics of the wetting front are controlled by the groundwater table, and water infiltration also contributes to the saturated zone. (c) Topographic gradients and hydraulic conductivity of heterogenous soil drive the lateral moisture flux in the vadoze zone. Soil moisture can be laterally redistributed during storms and interstorm periods. tRIBS simulates eventbased and long-term hydrologic responses to different hydro-climatic scenarios. (d) Groundwater flow is simulated based on a quasi-threedimensional groundwater model. At each time step, the model represents the lateral redistribution of soil moisture in the saturated zone, and the dynamic interaction with the vadose zone. (e) Runoff generation is modelled based on infiltration excess, saturation excess, perched subsurface stormflow, and groundwater exfiltration. Surface runoff is controlled by the dynamic interaction of lateral soil moisture redistribution, infiltration, and groundwater table. The physicallybased representation of hydrologic processes is discussed in Ivanov et al. (2004b) .
Process based modelling of topsoil erosion and landslide occurrence
Hillslope erosion is simulated by means of a hydro-geomorphic model coupled with tRIBS (Francipane et al., 2012 (Francipane et al., , 2015 . The model quantifies hydrologically-induced soil erosion and deposition at hillslopes and channels across the watershed. The calculated elevation changes are applied at each Voronoi element, effectively altering the watershed's morphology. Evolution of topographic characteristics (e.g. slope and aspect) and of drainage configuration feedback into hydrologic fluxes by changing the local potential energy across the landscape. tRIBS simulates raindrop erosion induced by direct rainsplash impact and by leaf drip, which break soil aggregates and drive sediment transport. The modelled spatial heterogeneity of raindrop impact detachment depends on precipitation fields, on canopy cover, and on soil texture. The model accounts for the subgrid variability (i.e. within computational elements) of vegetation and bare soil, and of precipitation throughfall. Moreover, overland flow erosion is modelled at hillslopes and channels. The model uses shear stress-based formulations for the entrainment and transport of sediment by runoff discharge (Yang, 1996; Nearing et al., 1999) , without differentiating between overland and channel flow, as the shear stress-based formulation for both cases is nearly identical (Francipane et al., 2012) . The effective boundary stress exerted by overland flow is calculated as a power function of local discharge and slope, and depends also on the Manning's roughness coefficient for soil and vegetation (Tucker et al., 2001; Istanbulluoglu and Bras, 2005) . At each time step, the model computes the flow entrainment capacity, as a function of threshold stress for particle entrainment (critical shear stress) (Nearing et al., 1999) , and the sediment transport capacity (Yalin, 1977) at each Voronoi cell (Tucker et al., 2001) . The erosional potential at each Voronoi polygon is controlled by topographic gradients, and is either 642 Y. G. DIALYNAS AND R. L. BRAS entrainment-limited or transport-limited. The transport-limited rainsplash and overland flow erosional potential is computed at each cell based on continuity of mass, using the control volume approach (the associated formulations are described in detail in Francipane et al. (2012) and in Francipane et al. (2015) ). Also, diffusive processes (soil creep) and bioturbation (Larsen, 2012) are not explicitly represented in this study. Sediment redistribution induced by shallow landslides is simulated in the coupled process-based framework. Coupled physically-based hydrologic-stability models have been used in different studies (Montgomery and Dietrich, 1994; Vanacker et al., 2003; Rosso et al., 2006; Baum et al., 2008; Simoni et al., 2008) to assess the occurrence of hydrologically-driven landslides at the watershed scale. At the Luquillo CZO, previous landslide studies (Arnone et al., 2011 (Arnone et al., , 2014 (Arnone et al., , 2016 Lepore et al., 2013; Dialynas et al., 2016b ) assessed slope stability in response to tropical hydro-meteorological events using versions of the tRIBS framework (Ivanov et al., 2004a (Ivanov et al., , 2008a (Ivanov et al., , 2008b . The hydro-geomorphic model was coupled with a slope stability model in Dialynas et al. (2016b) . This coupled framework is applied in this study, which simulates the occurrence of shallow landslides based on the infinite slope model, assuming that the landslide plane of failure is approximately parallel to the soil surface. Slope stability is assessed though the factor of safety (FS), which quantifies the relative magnitude of slope destabilizing forces and forces that favor stability. At each time step and at each Voronoi polygon the FS is given by (Arnone et al., 2011) :
where c is the combined effect of root cohesion and effective soil cohesion, h s is the thickness of landslide mass (landslide failure depth), ρ s is soil density, α t is the time-varying slope angle, θ t is the average soil moisture in the landslide control volume, θ r and θ s are the residual and saturated volumetric water contents, respectively, ρ w is water density, and φ is the friction angle. The slope stability model explicitly accounts for the spatial heterogeneity of factors that control shallow landslides, including mechanical and hydrological soil properties (Arnone et al., 2014 (Arnone et al., , 2016 , local topographic characteristics, and the temporal variation of soil moisture in response to precipitation events, which controls the temporal FS dynamics at the watershed scale (Simoni et al., 2008; Arnone et al., 2011; Lepore et al., 2013; Formetta et al., 2016) . Possible landslide deposition paths are estimated based on the concept of run-out distance (Bathurst et al., 1997) . The maximum run-out distance can be computed as a proportion (e.g. 40% (Arnone et al., 2011) ) of the elevation difference between the landslide head and the starting point of landslide deposition (Vandre, 1985) . In the slope stability model (Dialynas et al., 2016b) , slope morphology controls the deposition of landslide mass according to the algorithm of Burton and Bathurst (1998) : For relatively steep slopes (e.g. greater than 15°) landslides move downhill unconditionally, and for gentle slopes (e.g. less than 5°) the detached material halts unconditionally (Arnone et al., 2011) . For intermediate slopes, post-failure movement is either limited by the maximum run-out distance, or by reaching gentler slopes along the landslide path. Once the path of post-failure movement is computed, deposition of landslide material is inversely proportional to the local slope. Smaller sediment volumes are deposited at steeper slopes, and larger ones are deposited at gentler slopes downhill, respectively (Dialynas et al., 2016b) . Also, landslides and rainsplash and sheet erosion are linked by dynamic feedbacks, because they constitute processes that both depend on, and alter local topographic gradients (Dialynas et al., 2016b) . Geomorphic alterations on landscape morphological characteristics are estimated and applied to the modelled topography, influencing the watershed-integrated erosional potential.
Study Area
This work focuses on the Icacos and Mameyes watersheds in northeastern Puerto Rico (Luquillo CZO). The Rio Mameyes discharges into the Atlantic Ocean in the north side of the island. The Rio Icacos drains into the Caribbean Sea on the southeast side of Puerto Rico . The mean annual precipitation at the Mameyes and Icacos watersheds is 3760 mm yr -1 and 4150 mm yr -1 , respectively . The mean annual temperature is 22.8°C and 21.4°C, for Mameyes and Icacos, respectively . The 17.8 km 2 Mameyes watershed is underlain by Cretaceous, marine-deposited, quartzpoor volcaniclastic rocks. Almost the entire 3.26 km 2 Icacos watershed is underlain by Rio Blanco quartz diorite, which intruded the surrounding volcaniclastic rocks about 49 to 42 Ma (Smith et al., 1998; . The volcaniclastic saprolite is typically overlain by soils 0.8-1.0 m thick (Huffaker, 2002) . Saprolite at hillslopes in the Icacos watershed is overlain by 0.5-2.0 m deep soil (Huffaker, 2002; , the thickness of which has been observed to be more than ten-fold greater on ridges (Simon et al., 1990) . The unweathered parent material is located 16 m deep (Dosseto et al., 2012) .
The contrasting lithology at the study site influences the diverse landscape morphologies and sediment properties at the two tropical watersheds. Lithologic controls on hillslope morphology are still investigated at the study area Dosseto et al., 2014) . Elevation ranges from 104 to 1046 m at the Mameyes watershed, and from 615 to 845 m at the Icacos watershed (Larsen, 2012) . Relatively steeper slopes can be observed in the Mameyes watershed (mean slope of 21°) compared with the Icacos watershed (mean slope of 13°) (Larsen, 1997) . Rainfall-triggered landslides are the primary hillslope erosion component at the two watersheds (Larsen, 2012) . The influence of geology on channel morphology is evident in the bed material and sediment size . Sandy beds and floodplains characterize the stream network in the Icacos watershed. The fine sediment bed (median grain size (D 50 ) is 0.6 mm) is mobilized by moderate runoff (Larsen, 1997) . The bed material in the Mameyes watershed is significantly coarser (D 50 equal to 70 mm). The channels are characterized by little or no floodplains, and they are lined with boulders and cobbles .
Four forest life zones characterize the study site: subtropical rain forest, subtropical wet forest (below 600 m a.s.l.), lower montane rain forest, and lower montane wet forest (above 600 m a.s.l.) (Holdridge, 1967; Ewel and Whitmore, 1973) . Forest vegetation types include tabonuco (Dacryodes excelsa), colorado (Cyrilla racemiflora), palm (Prestoea montana), and cloud (dwarf) forest (Ewel and Whitmore, 1973; Weaver and Murphy, 1990; Waide et al., 1998) . The colorado forest is located at higher elevations (up to 900 m a.s.l.), while the tabonuco forest occupies relatively lower elevations (up to around 650 m a.s.l.) (Lepore et al., 2013) . Palm forest occupies most life zones and it is typically located at relatively steep upper slopes. Cloud forest accounts for less than 10 % of the Luquillo CZO stands, and 643 HYDRO-GEOMORPHIC RESPONSE OF CONTRASTING TROPICAL LANDSCAPES it may occupy high elevation interfluves and poorly drained soils Waide et al., 1998) . The vegetation cover of Icacos and Mameyes watersheds is given in Figures 1(c) and 2(c), respectively (Helmer et al., 2002; PRGAP, 2006) . The Mameyes watershed is dominated by tabonuco forest, with colorado and palm forest stands in higher elevations. The Icacos watershed is dominated by colorado forest, with palm stands on the western slopes (Dialynas et al., 2016b) . (Figure 1(a) ), and 50 m mesh for the 17.8 km 2 Mameyes watershed (Figure 2(a) ) (Lepore et al., 2013; Dialynas, 2017) . This study uses maps of soil textural classes obtained from local soil surveys (USDA, http://websoilsurvey.nrcs.usda.gov/). The soils of the two watersheds were classified into four soil types based on the USDA (1951) classification system: clay, sandy loam, clay loam, and silty clay (Figures 1(b) and 2(b) ).
Hydro-geomorphic model calibration
Calibration of tRIBS at the Icacos and Mameyes watersheds was conducted by Dialynas et al. (2016b) , who compared simulated river discharge with daily records. Observed daily precipitation series and meteorological records (air temperature, relative humidity, wind speed, corresponding to the period: 01/01/2001-06/24/2001) from the Bisley tower (USGS station ID: 50065549, latitude 18°18' 36" N, longitude 65°44' 24"W; Figure 2 (a)) were used, in addition to hourly series of cloud cover and atmospheric pressure from the San Juan airport NOAA station (station ID: 668812, latitude 18°26' 24" N, longitude 66°0' 0" W), and records of daily river discharge from USGS stations located at the outlets of the two watersheds (station ID 50075000 for Rio Icacos, and 50065500 for Rio Mameyes). The calibration period length of the hydrologic model (01/01/2001-06/24/2001) is consistent with previous studies that calibrated versions of tRIBS in different watersheds (Ivanov et al., 2004a; Lepore et al., 2013) .
The geomorphic model was calibrated by reproducing events and total sediment yield at the Icacos and Mameyes watersheds. Daily precipitation records were used from Pico Del Este station (NOAA, station ID: 666992, latitude 18°16' 12" N, longitude 65°45' 36" W) which cover the entire period of calibration (from 01/1995 to 11/1999), and daily records of sediment yield from the two USGS stations, corresponding to the calibration period. More specifically, Dialynas et al. (2016b) used daily mean estimates of suspended-sediment concentration computed at the outlets of the Mameyes and Icacos watersheds, where suspended-sediment concentration samples have been collected on approximately daily basis (available at http://waterdata.usgs.gov/nwis/). According to Larsen (1997) , these records may underestimate the total sediment yield at the Mameyes watershed in time periods greater than 1 or 2 years, as the bed material (D 50 equal to 70 mm) can be relatively immobile on an annual basis (Larsen, 2012 ). Yet the suspended sediment in the Icacos watershed (D 50 equal to 0.6 mm) includes a substantial bedload component, ranging from 6% to 51% (Larsen, 1997) , which can be entrained from the channel bed into turbulent suspension at moderate discharge (Dietrich, 1982) .
The calibration periods of the hydrologic and geomorphic models were selected based on the availability of fine hydroclimatic data, and river discharge and sediment yield observations for the two watersheds. Soil properties characteristic of erosional processes and landslide occurrence were calibrated starting from literature values. Also, Dialynas et al. (2016b) calibrated the hydro-geomorphic model assuming h s equal to 2 m, which is the average landslide depth at the two watersheds estimated by Larsen (2012) . Dialynas et al. (2016b) demonstrated the model efficiency in reproducing the hydrologic and geomorphic behaviors of the two watersheds in response to observed hydro-meteorological forcing, even though different mesh resolutions were used for each site (see section 'Topography and soil classes').
Climatic scenarios and projected change
This study uses daily projections (2016-2099) of climatic variables (precipitation, temperature, cloud cover, sea level pressure, wind speed, and vapor pressure) for the study site, based on the B1 and A2 climatic scenarios (Intergovernmental Panel on Climate Change, Special Report on Emissions Scenarios (Nakićenović et al., 2000) ), corresponding to the Canadian General Circulation Model (CGCM3.1(T47); Canadian Centre for Climate Modelling and Analysis). The B1 and A2 scenarios are the two of the three scenarios that have been the focus of model intercomparison studies, and predict the lowest and highest global temperature increases by 2099, respectively (IPCC, 2007) . The selection criteria for the climatic projections were:
(a) The relatively good performance of the CGCM3.1(T47) in reproducing the precipitation seasonality and the sea surface temperature at the central Caribbean compared with other General Circulation Models (GCM), as demonstrated in Ryu and Hayhoe (2013) , who compared 18 GCMs participating in phase 3 of the Coupled Model Intercomparison Project (CMIP3). They demonstrated that only six CMIP3 models were able to simulate a bimodal distribution of precipitation similar to that observed in the central Caribbean, with peaks in early summer and fall punctuated by a relatively drier mid-summer period. (b) The completeness of downscaled climatic projections: This work uses precipitation and temperature projections (CGCM3.1(T47)) which have been downscaled for the Luquillo CZO area (Hayhoe, 2013; Ryu and Hayhoe, 2013) based on the statistical downscaling method recently proposed by Stoner et al. (2013) . The method (asynchronous regional regression model (ARRM)) uses piece-wise regression to correct for bias in low resolution hydroclimatic predictions. In contrast to the other GCMs reproducing the bimodal seasonal distribution of precipitation, downscaled CGCM3.1(T47) projections are available for the B1 and A2 scenarios and are continuous for the entire period under study .
Downscaled climate projections indicate a significant future increase in temperature coupled with decrease in precipitation at the study site. The six CMIP3 GCMs reproducing the precipitation seasonality in central Caribbean in Ryu and Hayhoe (2013) , underestimated the mean annual precipitation in central Caribbean by as much as approximately 50%. At the Luquillo CZO, the decline in mean annual precipitation is projected by the CGCM3.1(T47) model (when comparing the 2007-2016 average with the 2090-2099 average) to be 23% and 31%, for B1 and A2 scenarios, respectively. Temperature is projected to increase by 9% and 24%, for B1 and A2 scenarios, respectively. These trends are consistent with the findings of Campbell et al. (2011) (Hayhoe, 2013) . Different atmospheric and oceanic drivers likely contribute to a future precipitation decline in Puerto Rico (Hayhoe, 2013) . Annual rainfall in the Caribbean is projected to increase north of 22°N, and significantly decrease (around 25-50%) south of 22°N (Campbell et al., 2011) . The projected pattern exacerbates during the dry season (December to April). This gradient is linked to tropical circulations (Hadley circulation of the North tropical Atlantic), and is characteristic of the dry season for warm phases of the El Niño-Southern Oscillation (ENSO) (Stephenson et al., 2007; Campbell et al., 2011) . Climatic projections suggest that observed circulation patterns in the Caribbean are expected to strengthen by 2099 (IPCC, 2007) . Also, a substantial drying of the wet season (May to November) is projected for the central Caribbean (Hayhoe, 2013) ; precipitation is expected to decline, with more frequent dry days.
Results
Projected rates of hillslope erosion and deposition
The simulated topsoil erosion and landslide occurrence for the two climatic scenarios are illustrated in Figures 3 and 4 for the Icacos and Mameyes watersheds, respectively. The two landscapes are characterized by substantial topsoil erosion rates and slope instability. Hydrologically-induced erosion and landslide occurrence lead to the accumulation of eroded soil and saprolite in colluvial deposits and in alluvial sediments at lower valleys. Soil redistribution alters local topographic gradients and the stream configuration in the two watersheds. The simulated total hillslope erosion rates are given in Table I . Erosion rates at the two watersheds are relatively lower for the A2 scenario, which is characterized by greater reduction in precipitation (see section 'Climatic scenarios and projected change'). The simulated erosion rates for the Icacos watershed are consistent with the erosion rates Larsen (2012) derived from multiple observations. The projected erosion rate for the Mameyes watershed is at the lower end of the erosion spectrum reported in Larsen (2012) (Table I) . Also, simulated rainfall-triggered landslides are the primary hillslope erosion component at the two watersheds (Larsen, 2012) . In the Icacos watershed, 81% and 84% of total hillslope erosion corresponds to landslides for the B1 and A2 scenarios, respectively. In the Mameyes watershed, landslides contributed to total hillslope erosion by 99% and 98% for B1 and A2 scenarios, respectively. We note that bioturbation (e.g. treethrow) can be significant at the study site (Larsen, 2012) , and is not explicitly modelled. However, the model was calibrated for the Mameyes and Icacos watersheds based on observed sediment yields (Dialynas et al., 2016b) , which resulted from the combined effect of different erosional processes, including landslides, slopewash, soil creep, and treethrow (Larsen, 2012) . The watershed-integrated contribution of bioturbation on the total sediment yield was implicitly accounted for in the modelled hydro-geomorphic responses over the simulation period. 
Simulated slope instability
According to results, landslides mainly occur at the relatively steep slopes of the southern, southwestern and northwestern Icacos watershed. At the Mameyes watershed, there is significant landslide occurrence at the southern and northwestern parts of the watershed, and at the northern slopes in the in the vicinity of the main stream. The simulated landslide area and frequency were computed at each watershed. The minimum landslide size ( Figure 5 ) is equal to the model grid resolution (see section 'input data and parameters'). We assumed that larger landslides were formed as clusters of neighboring unstable cells in diverse slopes. The magnitude of larger landslides was computed as the total area of unstable cells forming each cluster. This approach is simpler than the spectral clustering search algorithm of Bellugi et al. (2015a) , which is based on a landscape-scale hydrologic-stability model (Milledge et al., 2014; Bellugi et al., 2015b) . The total simulated landslide area is greater for the B1 scenario in both watersheds (Table II) . The percentage landslide area per watershed area is compared with Larsen (1997) , who documented a total of 345 landslides (including scars and depositional zones) in the two watersheds from aerial photographs (1937, 1951, 1962, 1972, 1974, 1979, 1990, and 1995) . Table II presents area estimates of landslide scars, as approximately dated by Larsen (2012) . This includes area estimates of relatively recent scars, and total landslide area, which includes larger scars that occurred during the last 1000 years. The landslide area estimates reported in Larsen (2012) correspond to different periods and hydro-climatic conditions, yet they encompass the simulated landslide area for the two climate scenarios in the Mameyes and Icacos watersheds (see section 'Propensity for landslide occurrence'). This work assesses the extent to which the coupled physically-based model reproduces the natural spatial variation of landslide magnitude. The capability of the hydrogeomorphic model to simulate the propensity for relatively larger and smaller landslides at the Mameyes and Icacos watersheds is examined. More specifically, the frequency distributions of landslide area for B1 scenario were estimated at the two watersheds ( Figure 5 ). Based on landslide mapping in many diverse regions (e.g. Japan, Italy, Taiwan, New Zealand, USA, Bolivia, Guatemala), different studies (Yokoi et al., 1995; Goltz, 1996; Hovius et al., 1997; Stark and Hovius, 2001; Guzzetti, 2002; Malamud et al., 2004; Brunetti et al., 2009 ) have demonstrated by landslide mapping that landslides naturally exhibit a fractal (or scale invariant) character (Malamud and Turcotte, 2006) . More precisely, the landslide area-frequency distribution tends to follow a power law (Hergarten and Neugebauer, 1998) :
where N is the number of landslides in the set with areas greater than A, and a and b are parameters. Power type distributions are called scale-invariant because they are not restricted by characteristic scales describing different phenomena. More precisely, the number of landslides of area A or greater differs from the number of events of area λA or greater by λ -b , where λ is an arbitrary factor (Hergarten, 2002) .
Our analysis suggests that both observed and simulated landslides at the Mameyes and Icacos watersheds over the simulation period can be roughly approximated by scale-invariant distributions ( Figure 5 ). The associated b exponents for observed landslides are equal to 1.3 and 1.8 for Icacos and Mameyes watersheds, respectively; the corresponding b values for simulated landslides are equal to 1.3 and 2.2 for Icacos and Mameyes watersheds, respectively (see section 'Propensity for landslide occurrence'). As illustrated in Figure 5(b) , the relative frequency of larger landslides at the Mameyes watershed is lower in simulated landslides compared with observations. For Icacos watershed, both modelled and observed areafrequency distributions are characterized by the same exponent b. The observed landslide frequency in the two watersheds is higher compared with simulations, as the reference period is substantially longer (see Table II ). The range of b values reported in Hergarten (2003) (0.7-2.3), which is based on 
Discussion
Propensity for landslide occurrence
We compared the simulated landslide locations for B1 and A2 scenarios with observed scars (Larsen, 1997 (Larsen, , 2012 in the study sites (Figures 6 and 7) . While landslides that occurred in the past 1000 years (Larsen, 2012) have led to partial diffusion of topographic gradients, the two landscapes are characterized by several landslide-prone slopes. The two tropical watersheds are dominated both by shallow soil-slips, slumps, debris-flow, and by relatively larger landslides, and are characterized by slopes that are only conditionally stable (i.e. the stability of which depends on soil moisture fluctuations) (Arnone et al., 2011) . The simulated unstable slopes and landslide deposition paths are in partial agreement with observations in the Mameyes watershed (Figure 7 ), even though they correspond to different climatic conditions. There are projected landslides consistent with observed landslide paths at the northern, southern, and northwestern parts of the watershed. Also, there are large landslides simulated at the southeastern Icacos watershed ( Figure 6 ) collocated with past landslide scars. Simulated landslides at the relatively steep slopes of the western Icacos watershed are in general agreement with observations (see also the quantitative comparison of section 'Simulated slope instability'). Also, even though a more detailed quantitative comparison between observed and simulated landslide scars could be informative (i.e. in addition to the landslide area comparison of Table II) (Bellugi et al., 2015b) , limitations in the landslide data set, the estimation observed landslide area at each landslide location highly uncertain (Larsen, 2012) .
The predicted climate change at the study site is depicted in a range of hydro-climatic scenarios in the Luquillo CZO (see section 'Climatic scenarios and projected change'). Even though the mean annual precipitation is projected to decrease in the study area, the simulated landslide occurrence at the two watersheds remains relatively high. This can be attributed to the key role of subsurface water flow in the steep slopes of the two tropical watersheds (Schellekens et al., 2004) , and to the nonlinear threshold behavior of shallow landslides (Huggel et al., 2012) . The initiation of mass movement depends heavily on the rate of water infiltration and on capillary forces in unsaturated soils, processes that are related nonlinearly with the rate of moisture influx, and depend on topography and on soil mechanical and hydrological properties. The lateral redistribution of soil moisture in the vadose and saturated zones during interstorm periods exerts a strong control on landslide initiation. Subsurface water flux after tropical storms leads to increase in the degree of saturation at conditionally stable slopes, inducing exceedance of the slope stability threshold and subsequent slope failure (Lepore et al., 2013) . Results suggest that the role of this landslide-triggering factor remains important during the relatively drier 21 st century. The combined effects of water infiltration during tropical storms and moisture increase at interstorm periods lead to significant landslide occurrence in the two watersheds by 2099. Also, while the projected landslide area for each watershed is lower than the Table II . Observed and simulated percentage of landslide area per watershed area for the Mameyes and Icacos watersheds. Observations (Larsen, 1997 (Larsen, , 2012 (Larsen, 2012) ), and to total observed scars which include landslides dated up to 1000 years (see section 'Simulated slope instability'). The simulation period for scenarios B1 and A2 is 2016-2099. The analysis of Dialynas et al. (2016b) ones reported in Dialynas et al. (2016b) , who simulated landslide occurrence in the two watersheds in response to a 100-year stationary hydro-climatic scenario (Table II) , the total simulated landslide area did not substantially vary for different GCM scenarios. The exact timing of landslide initiation at the study site depends on storm hyetograph characteristics and land surface descriptors (Arnone et al., 2016 ), yet the cumulative frequency and magnitude of landslides in the 21 st century exhibited small variation over the range of imposed hydrometeorological forcings (Table II) . Our analysis suggests that the time-integrated slope instability projected by 2099 is heavily controlled by the combined effect of non-climatic factors, including local soil characteristics, forest cover, and by the steep geomorphic gradients of the Luquillo Mountains.
Despite simplifying assumptions invoked in the landslide failure criterion (see section 'Process based modelling of topsoil erosion and landslide occurrence'), the simulated landslide occurrence at the two watersheds can be roughly represented by power type distributions (see section 'Simulated slope instability'), which are often used to describe critical phenomena (Hergarten, 2003) . The fractal behavior of landslide occurrence is characteristic of the concept of self-organized criticality (SOC) in natural systems, according to which the system exhibits self-organization towards critical states (Bak et al., 1987) . SOC has a meaningful role in the evolution of landslide dominated landscapes (Hergarten and Neugebauer, 1998) , such as the Luquillo Mountains. It is possible that the combined effects of the island's tectonic uplift and dissipative erosional processes may lead to quasi-stationary states, characteristic of the SOC concept. In this case, the timing and magnitude of hillslope erosional events may occur such that the system moves towards critical states. SOC models (Hergarten and Neugebauer, 1998) can be applied to predict locations and timing of slope instability, and potentially improve landslide hazard assessment. However, records of system outputs (e.g. sediment yield) over significantly longer time scales are required to verify that the evolution of the two tropical landscapes in fact follows SOC (Sapozhnikov and FoufoulaGeorgiou, 1996) .
The relative frequency of predicted landslide magnitudes differs significantly between the two watersheds. Larger values of the exponent b (Equation (2) Figure 7 . The relative response of the modelled watersheds in terms of landslide occurrence is in agreement with previous studies (Larsen, 1997 (Larsen, , 2012 which report a mean area of recent scars equal to 600 m 2 and 400 m 2 for Icacos and Mameyes watersheds, respectively. The magnitude of landslides heavily depends on the mechanical properties of soils (e.g. cohesion and friction angle) and on local slope morphology. The contrasting lithology at the study area significantly influences the landscape formation and pedogenesis in the two diverse watersheds (Buss and White, 2012; Dosseto et al., 2012) . The weathered soil and saprolite from the quartz diorite underlying the Icacos watershed can be more susceptible to landslide occurrence, compared with the volcaniclastic landscape (Stallard, 2012) , leading to frequent occurrence of larger landslides. In contrast, according to the observed scars given in Figure 7 , the Mameyes watersheds are characterized by higher occurrence of small slumps and shallow soil slips. This behavior is consistent with the distributions of landslide magnitudes of Figure 5 . Also, even though controls of bedrock properties on hillslope erosion are not explicitly modelled (Ebel et al., 2008 (Ebel et al., , 2010 , the influence of contrasting lithology is considered by accounting for different watershed morphologies and soil types (Figures 1(b) and 2(b) for Mameyes and Icacos, respectively), and by calibrating soil characteristics (Dialynas et al., 2016b) based on observed hydro-geomorphic responses, which reflect the underlying contrasting lithologies (Buss and White, 2012) .
Hillslope erosion in changing climate
The projected decline in precipitation at the Luquillo Mountains could have important impacts on hydrologically-induced topsoil erosion and rainfall-triggered landslide occurrence. 
HYDRO-GEOMORPHIC RESPONSE OF CONTRASTING TROPICAL LANDSCAPES
According to our simulations, rainsplash erosion and topsoil entrainment are likely reduced with the projected decline in surface water flow. The projected rates of total hillslope erosion are lower compared with those reported in Dialynas et al. (2016b) , who estimated quantitatively the current erosional potential of the Luquillo CZO landscape (Table I ). Simulated erosion rates for the two watersheds are lower for the A2 scenario, which is characterized by greater precipitation decline and temperature increase (see section 'Climatic scenarios and projected change'). The simulated erosional potential did not exhibit substantial differences between the climate change scenarios. The significant topsoil erosion at the steep slopes of the Mameyes and Icacos watersheds is linked with dynamic feedbacks to shallow landslides (Dialynas et al., 2016b) . Sediment mass movement across the landscape is quantified by the coupled model, effectively altering slope morphology as erosion and deposition proceed. The dynamic response of the landscape feeds back to the erosional potential of diverse hillslopes. The interacting physical mechanisms (landslides, sheet erosion, and raindrop impact detachment) that drive hillslope erosion and deposition constitute key processes in the evolution of the contrasting landscapes under study.
According to our analysis, topsoil erosion and shallow landslides control the dynamics of soil thickness at different topographic locations. Rainfall-triggered landslides constitute instantaneous events of disproportionally large magnitude compared with rainsplash and overland flow erosion. A substantial part of the soil profile is excavated in landslide sites and is mainly deposited locally, across the landslide deposition path (as shown in Figures 3 and 4) . Simulated hillslope erosion in response to different hydro-climatic scenarios drives the redistribution of upland soil and saprolite across the landscape, and exerts a strong control on the spatial variation of soil thickness. The significant rates of simulated divergent soil transport may exceed the magnitude of local regolith production at the hillslopes of the two watersheds, leading to gradual exposure of deeper soil horizons and of emerging bedrock. According to our analysis, the soil thickness at the Icacos and Mameyes watersheds likely increases at lower slopes and valleys characterized by substantial rates of colluvial and alluvial sediment deposition. Our results suggest that the assumption of steadystate soil thickness invoked in previous studies (Brown et al., 1995; Riebe et al., 2003; Stallard, 2012) may not be entirely valid across different landscape positions in the Luquillo CZO.
The simulated rates of total watershed-averaged hillslope erosion were compared with reported weathering rates representative of the two contrasting landscapes and are given in Table III . A relatively high weathering rate of 335 mm kyr -1 was estimated in the uranium-series isotopes based study of Dosseto et al. (2012) for the volcaniclastic landscape. This weathering rate is in the same order of magnitude as the erosion rates simulated over a range of climate projections. If the simulated hillslope erosion rates characterize the long-term hydro-geomorphic behavior of the watershed, this comparison may suggest that the landscape underlain by volcaniclastic rock has the potential to reach an equilibrium state. In contrast, simulated erosion rates in the granitic landscape are significantly higher than the quartz diorite weathering rate (45 mm kyr -1 ) reported in Chabaux et al. (2013) (Table III) . Relatively high rates of erosion in the Icacos watershed over recent decades are also reported in different recent studies (McDowell and Asbury, 1994; Shanley et al., 2011; Stallard, 2012; Stallard and Murphy, 2012; Dialynas et al., 2016b) . Comparison of hillslope erosion with bedrock weathering rates suggests that the granitic landscape may be characterized by significant denudation. This analysis suggests that the present states of the two contrasting landscapes (Dialynas et al., 2016b) , are expected to remain relatively invariant by 2099. Our results are in contrast to Brown et al. (1995) and Brocard et al. (2015) , who estimated significantly lower denudation rates at the Icacos watershed (Table I ). These studies apply methods that use cosmogenic 10 Be for the estimation of total erosion rates. While the use of cosmogenic nuclides has provided important insights on denudation rates at the Luquillo CZO landscape (Riebe et al., 2003; Brocard et al., 2015) , this approach may have potential limitations (Carretier et al., 2015) , which depend on the spatial and temporal scales of analysis. Cosmogenic estimates of watershed-averaged denudation rates in sites that include deep landslides, such as the Rio Icacos watershed, can be significantly biased (Riebe et al., 2003; Niemi et al., 2005; Yanites et al., 2009) . Moreover, the episodic character of hillslope erosion may not be reflected by cosmogenic rates averaged over relatively large (e.g. 10 4 -10 7 yr) time scales (Kirchner et al., 2001) . This may potentially explain the fact that 10 Be methods (Brown et al., 1995; Brocard et al., 2015) do not capture the recently observed (McDowell and Asbury, 1994; Shanley et al., 2011; Stallard, 2012; Stallard and Murphy, 2012 ) increase in erosion rates at the Icacos watershed.
Future research
In the future, systematic mapping and recording of the timing of landslide events can improve validation of the hydrogeomorphic model's performance (e.g. updating existing inventories (Larsen, 1997 (Larsen, , 2012 with recent events, and including records of landslide timing and magnitude). This will lead to further evaluation of the extent to which the simulated response to hurricanes and tropical storms (Larsen and Torres-Sánchez, 1992; Larsen and Simon, 1993; Hilton et al., 2008) represents the natural landslide occurrence at the study site, and has the potential to improve landslide hazard assessment in the Luquillo Mountains (Larsen and Torres-Sánchez, 1998; Arnone et al., 2016) . Also, representation of erosional processes can be improved in the modelling framework by explicitly accounting for diffusive (soil creep) and bioturbation processes (Larsen, 2012) . Moreover, the critical influence of hillslope erosion driven by different hydro-climatic projections on the redistribution of soil organic carbon can be assessed at the Luquillo CZO (Fiener et al., 2015; Dialynas et al., 2016a Dialynas et al., , 2017a . The erosioninduced movement of organic material can have important consequences on the net carbon exchange with the atmosphere in a changing climate (Lal, 2004; Battin et al., 2009 ).
Conclusions
1. By means of a process based and spatially-explicit representation of slope instability, this modelling study demonstrates that the propensity for landslide occurrence at the Luquillo induced hillslope erosion will continue at the two tropical watersheds under study in response to a range of hydroclimatic projections. The present states of the two diverse landscapes likely remain relatively invariant with changing climate. 4. We highlight that the use of high resolution process-based models that systematically account for dynamic feedbacks among complex hydrologic and geomorphic processes, may provide important insights in predicting the evolution of diverse landscapes and the critical zone response to a range of natural and anthropogenic perturbations.
